Ribose synthesis in animal tissue (1-3) has been demonstrated to take place via the oxidative and the nonoxidative reactions of the pentose phosphate pathway (4). The levels of the enzymes which catalyze the oxidative reactions of the pathway have been shown to be affected by hormonal alterations (5), and evidence has been presented indicating depression of the nonoxidative reactions in the tissues of thiamine-deficient animals (6). However, a systematic study of those factors influencing ribose production has not been possible because of the absence of a satisfactory method for obtaining this pentose from the living animal.
Ribose synthesis in animal tissue (1) (2) (3) has been demonstrated to take place via the oxidative and the nonoxidative reactions of the pentose phosphate pathway (4) . The levels of the enzymes which catalyze the oxidative reactions of the pathway have been shown to be affected by hormonal alterations (5) , and evidence has been presented indicating depression of the nonoxidative reactions in the tissues of thiamine-deficient animals (6) . However, a systematic study of those factors influencing ribose production has not been possible because of the absence of a satisfactory method for obtaining this pentose from the living animal.
We have recently reported a convenient technique for inducing the urinary excretion of ribose by the rat, and have presented evidence that urinary ribose and that isolated from nucleic acid are synthesized via the same or similar pathways (7) . This ribose "trapping" procedure is based on the observation of Tabor and Hayaishi (8) and of Karjala (9) that the administration of imidazoleacetic acid (ImAA) or of histamine to the rat is followed by the urinary excretion of ImAA riboside.
We have now used the ImAA riboside technique to study the effects of thiamine deficiency, partial hepatectomy, tumor growth, diabetes, hypopituitarism, and the administration of thyroxin, glucagon and adrenocorticotropic hormone (ACTH) on ribose synthesis. We have also obtained evidence for the direct incorporation of exogenous ribose into ImAA riboside. The results of these investigations are the subject of the present report.
1 These studies were aided by grants from the Jane Coffin Childs Memorial Fund for Medical Research and the United States Public Health Service (C-3151). 2 Presented in part at the forty-ninth annual meeting of the American Society for Clinical Investigation, Atlantic City, N. J., May 6, 1957. Most of the studies to be reported were carried out with glucose-2-C14 as the administered radioactive precursor of ribose. Hexose specifically labeled in its second carbon atom is useful in distinguishing ribose produced by the two reaction sequences of the pentose phosphate pathway. Ribose derived from the oxidative removal of carbon 1 of hexose-2-C14 phosphate (the C-1 oxidation pathway) is labeled in its first position:
On the other hand, ribose-2-CI4 is produced in the nonoxidative reactions via the transketolasecatalyzed transfer of the first two carbons of hexose-2-C14 phosphate to an appropriate acceptor such as triose phosphate 3:
Ribose-2-C' is also the product following the oxidative removal of carbon atom 6 of hexose-2-C' (the C-6 oxidation pathway). However, recent studies have demonstrated that little if any pentose is synthesized from hexose via this mechanism (10) .
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In the normal rat ribose synthesized from glucose-2-C14 is predominantly labeled in carbon atoms 1 and 2, with the latter more radioactive than the former (2, 7). Carbon 4 is also labeled to an appreciable extent, presumably as a result of aldolase cleavage of hexose-2-C14 diphosphate and equilibration of the triose phosphates, followed by participation of triose-2-C14 phosphate in the transketolase reaction.
METHODS
ImAA riboside ribose isolation. The methods employed for the administration of imidazoleacetic acid and for the isolation and hydrolysis of ImAA riboside have been described in detail elsewhere (7) . Briefly, each rat received three intraperitoneal injections at two hour intervals, except where otherwise noted. The injected fluid contained imidazoleacetic acid dihydrochloride, or histamine, sufficient sodium bicarbonate to effect neutrality, and a radioactive substrate, and was brought to a total volume of 15 ml. with isotonic saline. Rat 2 received ImAA and glucose-2-C14 by stomach tube. Urine was collected during the period of the injections and for the succeeding 16 hours. ImAA riboside was isolated by column chromatography, and hydrolyzed to free ribose and imidazoleacetic acid by incubation with an enzyme prepared from Lactobacillus delbruckii (11) . The ribose was purified by column and paper chromatography, and then degraded by methods which have been summarized elsewhere (3), and which permit the isolation of each carbon atom of the pentose molecule as barium carbonate. The radioactivity of these samples was determined with a "micromil" end window counter with a counting efficiency of 13 per cent. Glucose was determined by the Nelson-Somogyi procedure (12, 13) and ribose by the orcinol method (14) .
Animal preparation. Male rats of the Wistar or Sprague-Dawley strain with initial weights approximating 250 grams were used for these studies, except where otherwise noted. Most animals were maintained on Purina chow until the time of the first injection; Rats 13 and 14 were fasted for 72 hours prior to the study. Throughout the period of injections and for the ensuing 18 hours all of the rats were offered water ad libitum but were fasted.
Thiamine deficiency. In Experiment 3 the rat was maintained on a thiamine-free diet for six weeks, during which time it lost approximately 90 grams in weight. A fall in pulse rate, as measured electrocardiographically, from control levels of 550 beats per minute to 400 at the time of the study was considered evidence of profound thiamine deficiency (15) . Rats 30 and 32 were young animals with initial weights approximating 100 grams, and received the thiamine-deficient diet and intraperitoneal injections containing 100 micrograms of oxythiamine daily for two weeks prior to the ImAA study. These animals gained 11 Diabetes mellitus (Rats 6, 7 and 8). Following a 48 hour fast these rats were injected subcutaneously with a freshly prepared, charcoal-treated solution containing 200 mg. of alloxan monohydrate per Kg. of body weight. Rat 6 was studied 48 hours, and Rats 7 and 8 seven days. following alloxan administration. Rats 6 and 7 appeared very sick and had blood sugars of 650 and 800 mg. per 100 ml. The diabetes in Rat 8 was very mild (fasting blood sugar, at the conclusion of the study, was 150 mg. per 100 ml.).
Hormonal alterations (Rats 9, 10, 11 and 31). Rat 91 was made hyperthyroid by the daily subcutaneous injection of 0.5 mg. of sodium L-thyroxine pentahydrate for seven days prior to the study. During this period the animal lost 34 grams in body weight. Rat 10 was injected intraperitoneally with 4 units of adrenocorticotropic "gel" daily for eight days prior to the experiment.
Rat 11 received 1 unit of crystalline glucagon (1 mg.) subcutaneously one-half hour before, and at hourly intervals during the period of imidazoleacetic acid administration, for a total of five injections. Rat 31 was hypophysectomized (Charles River Laboratories, Boston) one week prior to the study and received 5 per cent glucose in its drinking water. After the study the animal was sacrificed and autopsied; no tissue was found in the sella turcica.
Lactate and acetate injections. Rat 12 received 5, and Rat 13, 2 millimoles of sodium lactate, and Rat 14, 3.3 millimoles of sodium acetate in each of the three intraperitoneal injections containing the imidazoleacetic acid and glucose-2-C'4.
Tumor study. Rats 16 and 17 were each injected intraperitoneally with 1 ml. of the Yoshida hepatoma in the ascitic form. Rat 16 was studied 48 hours and 7 days later, and Rat 17, 10 days later. Massive ascites was present both in Rat 17 and in Rat 16 at the time of the second study. Both animals were given ImAA intraperitoneally, and Rat 17 received the glucose-2-C"' by the same route. To obviate complete glycolytic cleavage of the glucose-C14 by the tumor cells (16) , Rat (17) . Glucose-2-C' and ribose-1-C14 were obtained from the National Bureau of Standards through the courtesy of Dr. H. S. Isbell. Both the glucose (18) and the ribose were degraded to their constituent carbon atoms and were found to contain radioactivity only in the carbon atom specified. Ribose, randomly labeled with C1' ("ribose-R-C14"'), was purchased from Schwarz Laboratories, and randomly-C14-labeled glucose ("glucose-R-C14"') from New England Nuclear Corporation. The isotope patterns in the administered ribose and glucose are summarized in Tables III and IV, the administration of ImAA to any of these ani-the normal animals, with the C14 predominantly mals. Histamine administration (Rats 19 and in carbon atoms 1 and 2, and the latter more ac-20) was also followed by substantial ImAA ribo-tive than the former. A variable fraction of the side excretion. The animals injected with hista-total radioactivity was distributed throughout the mine, however, were markedly somnolent for remainder of the ribose molecule with carbon 4 several hours following injection. containing more isotope than positions 3 and 5. Table I also summarizes the data concerning A striking departure from the normal carbon 1 isotope incorporation into ribose following the ad-to carbon 2 isotope ratio was seen in the thiministration of C"4-labeled substrates. Ribose ex-amine-deficient animals (Rats 3, 30 and 32) creted by the normal rats given glucose-C"4 con-where carbon 1 was as much as three times as tained 0.16 to 0.86 per cent of the administered radioactive as carbon 2. In Rats 4 (48 hour radioactivity. In marked contrast, the two rats study) and 5, the rats with regenerating liver, given ribose-C14 (18 and 20) incorporated 5.40 carbon 1 approached carbon 2 in isotope content, and 4.00 per cent of the injected C14 into the uri-and in one animal with massive ascites (16, seven nary pentose. day study), the activity in carbon 1 exceeded that Table II depicts the isotope distribution in the in position 2. In Rat 17, the ascites tumor-bearurinary ImAA riboside ribose of the animals given ing animal given glucose-C"4 intraperitoneally, glucose-2-C"4. There was a striking consistency there was extensive isotope distribution throughin the radioactivity pattern in the pentose of all of out the ribose molecule. 
Ribose-1-C'4 Table III describes the isotope distribution in the urinary ImAA riboside ribose of the rats injected with ribose-C'4. The urinary ribose from the rat (Rat 20) given ribose-1-C04 had 90 per cent of its isotope in carbon 1. The isotope patterns in ribose excreted by the rat (No. 18) administered randomly-labeled ribose (Table III) and by the animal given randomly-labeled glucose (Table IV) were not markedly different from those in the injected sugars.
DISCUSSION
The advantages of the imidazoleacetic acid technique for studying ribose synthesis were described in a recent report (7) . In addition to its relative ease, this method permits the separation of ribose with a much greater incorporation of administered radioactive carbon than is found in simultaneously isolated visceral nucleic acid ribose (7) . The quantity of riboside excreted by our normal animals accounted for as much as 30 per cent of the administered ImAA. The one rat given ImAA orally excreted 19 per cent as the riboside. Tabor has shown that with sufficiently small doses of administered ImAA as much as 80 per cent is excreted as the riboside (19) .
Although the site of riboside synthesis has not yet been determined, participation of the liver in this process is suggested by the substantial reduction in riboside excretion by the partially hepatectomized rats. The only other experimental condition which led to a very marked reduction in riboside excretion was severe diabetes. The presumed explanation for this observation is the low concentration in diabetic animals of glucose-6-phosphate, the precursor required for ribose synthesis. Whether the moderate reduction in ribose excretion by the hyperthyroid animal is significant will require further observations.
The pattern of isotope distribution in the ribose synthesized from glucose-2-C04 was remarkably consistent in all of the normal animals. The C" in carbon atoms 1 and 2 of the ribose is considered to reflect ribose production from hexose carbon via the C-1 oxidation pathway, and the nonoxidative mechanism involving the transketolase reaction, respectively. The latter is known to require thiamine pyrophosphate as a coenzyme (20, 21) , and an impairment of this reaction has recently been observed in the erythrocytes of thiaminedeficient rats (6) . Our Experiments 3, 30 and 32 provide evidence for an interference with transketolase activity in vivo in the thiamine-deficient animal. The isotope ratio in ribose carbon atom 1 to that in carbon 2 of 2.6 to 3.1 in these rats, as compared with a ratio of 0.6 in normal animals, is consistent with a profound diminution in the transketolase reaction. Of great interest is the absence of a concomitant reduction in total ribose excretion by the thiamine-deficient rats. Two explanations for this phenomenon are available. One possibility is that sufficient additional ribose was synthesized by way of the C-1 oxidation pathway to compensate for the depression of the transketolase mechanism. A less likely reason stems from the suggestion that isotope normally found in carbon 2 of ribose derived from hexose-2-C14 may result from an exchange, rather than from a synthetic reaction: In' the rats with regenerating liver the ribose carbon 1 to carbon 2 isotope ratio approached 1.0 and in one study in a tumor-bearing animal it exceeded 1.4. These observations may be interpreted in the light of our present concepts of the physiologic role of the glucose-6-phosphate and 6-phosphogluconic dehydrogenase reactions (4). These reactions, which result in the production of C-1 labeled pentose from C-2 labeled glucose, constitute the principal mechanism for the reduction of triphosphopyridine nucleotide (TPN). Since reduced TPN (TPNH) is required in a large number of reductive synthetic processes, including certain reactions involved in protein-synthesis, an increased demand for TPNH might be anticipated in animals with regenerating liver or with rapidly growing tumors. Thus, the increased C-1 to C-2 ratio in these animals may reflect augmented requirements for TPNH. Further efforts to effect an increase in this ratio were made by attempting to stimulate other reactions in which TPNH is an essential cofactor. These include hexose synthesis from lactate (22) , fatty acid synthesis from acetate (23) , and steroid synthesis (24, 25) . The administration of large quantities of lactate, acetate or ACTH, however, did not result in any shift in the ribose C-1 to C-2 ratio. Similarly, no change from the normal was observed in the isotope pattern of ribose synthesized by the thyrotoxic animal, although marked increases in the levels of liver glucose 6-phosphate and 6-phosphogluconic dehydrogenases have been found in thyroid-treated rats (5) . 'The change from the normal in the isotope pattern of ribose obtained 48 and 72 hours, but not in that excreted 24 hours following partial hepatectomy may be related to the observation that regeneration of liver tissue is maximal from 48 to 96 hours following hepatectomy (26) .
The marked randomization of radioactivity in the ribose excreted by the massive ascites tumorbearing Rat 17 makes difficult conclusions from the C-1 to C-2 isotope ratio. The randomization may be ascribed to the fact that this animal received glucose-2-C14 intraperitoneally. It has previously been shown that small quantities of hexose injected intraperitoneally are almost completely cleaved to triose by ascites tumor cells (16) . Hexose synthesized from triose-C4 which reaches the livers of ascites tumor-bearing animals shows extensive isotope randomization (16) . Marked isotope distribution was also present in the ribose excreted by the normal rat given glucose-2-C14
and histamine (Experiment 19). It is likely that the profound depression observed in the histamine-treated animals was accompanied by alterations in many metabolic processes. The animals given ImAA or histamine and ribose-C14 incorporated 4 to 5 per cent of the administered C14 in the urinary ribose as compared with an incorporation of less than 1 per cent by rats given glucose-C14. These observations do not permit quantitative conclusions concerning the relative efficiency of the two sugars as riboside ribose precursors because of differences in the ribose and glucose pool sizes. However, the data do exclude the possibility that ribose-carbon must be converted to hexose prior to its incorporation into riboside. Further evidence against such a sequence of events is provided by the isotope distribution in the urinary ribose of Rat 20, the animal given ribose-1-C14. The pattern of radioactivity in the urinary ribose in this experiment was very similar to that in the administered ribose. Had a prior conversion to hexose taken place, the isotope pattern in the urinary ribose would have been vastly different [ribose-1-C4 is converted to hexose-1,3-C4 both in vitro (27) and in vivo (28) ]. Similar evidence was presented for direct incorporation of ribose-1-C14 into nucleic acid ribose of a human carcinoma cell grown in tissue culture (3) .
Ribose randomly labeled with C14 was administered to Rat 18 in an effort to obtain information concerning the possible role of exchange reactions in determining the isotope pattern of urinary ribose. An interchange of 2 carbon fragments ("active glycolaldehyde") between nonradioactive hexose and randomly-Cl4-labeled pentose phosphates would be expected to effect a dilution in the radioactivity in carbon 2 relative to carbon 3 of the urinary ribose, as compared with the pattern in the starting material: It is apparent that little change in the C-2 to C-3 ratio took place in our study. It is, of course, true that such an exchange reaction could occur only if ribose-5-phosphate were converted to xylulose-5-phosphate, the pentose which acts as the "active glycolaldehyde" donor in the transketolase reaction (29, 30) , before all of the ribose-5-phosphate was consumed in riboside synthesis. However, the interconversion of the pentose phosphates is known to be rapid (31) , and hence the phosphorylation of ribose would be immediately followed by the presence of an equilibrium mixture of the pentose phosphates. Further evidence against the possibility that exchange reactions have altered the isotope distribution is provided by the study of ribose synthesized from randomly-labeled glucose. Here again, the pattern of radioactivity in the urinary ribose is not markedly different from that in the starting material.
SUMMARY
Ribose synthesis in vivo has been studied by isolating imidazoleacetic acid riboside from rats given imidazoleacetic acid and a C14-labeled sugar. Evidence is presented which indicates an impairment of riboside excretion in partially hepatectomized and in diabetic animals. The isotope distribution in ribose synthesized from glucose-2-C" by normal animals is consistent with synthesis via both the oxidative and the nonoxidative reactions of the pentose phosphate pathway. Thiamine deficiency resulted in a marked decrease of ribose synthesis from hexose via the nonoxidative mechanism. An apparent increase in ribose production by way of the oxidative reactions was observed in rats with regenerating livers and in tumor-bearing animals. These observations are discussed in the light of our present concepts of the role of the oxidative reactions in TPNH production for synthetic processes. Evidence is presented for the direct incorporation of administered ribose into the urinary riboside.
